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We analyse the sensitivities of exclusive one-prong tau branching fractions to: the tau neutrino mass; its mixing 
with a fourth generation neutrino; the weak charged current magnetic and electric dipole moments of the tau; 
and the Michel parameter n. Quantitative constraints are derived from current experimental data and the future 
constraints derivable from tau-charm factory measurements are estimated. The anomalous coupling constraints 
are used to constrain the tau compositeness scale and the allowed parameter space for Higgs doublet models. 



1. INTRODUCTION 

We analyse the sensitivity to new physics of 
the r partial widths for the following decays]] : 
t~ — » e~v e v T , t~ — > fi~ v^v-r, t~ — > 7r~z/ T , and 
t~ — > K~v T . We determine constraints on the 
mass m„ 3 of the third generation neutrino 1/3 , its 
mixing with a fourth generation neutrino 1/4 of 
mass > Mz/2, anomalous weak charged current 
magnetic and electric dipole couplings [ 0, 0| , and 
the Michel parameter 77 [ 0]. In each case, we 
present quantitative results using current exper- 
imental data (which update our previous analy- 
ses [ ||, |j| ||) and estimate the future constraints 
which would be achievable using the expected 
precision of measurements at a tau-charm factory. 
The results for the 77 parameter are used to con- 
strain extensions of the Standard Model which 
contain more than one Higgs doublet and hence 
charged Higgs bosons. 

2. THEORETICAL PREDICTIONS 

2.1. Tau neutrino mass and mixing 

The theoretical predictions for the branching 
fractions Be allowing for the v T mass and mixing 

1 Throughout this paper the charge-conjugate decays are 
also implied. We denote the branching ratios for these 
processes as B e , /3 M , B-k , Bk respectively; B( denotes either 
B e or Bf_t while B^ denotes either B-w or Bk- 



with a fourth lepton generation are given by [ |4| : 
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where x = mj/m^., y = m\ \ jra\, Gp = 
(1.16639 ± 0.00002) x 10~ 5 GeV- 2 is the Fermi 
constant [ and r T is the tau lifetime. The tau 
mass, m T , is taken only from production mea- 
surements at tau-pair threshold since values de- 
rived from kinematic reconstruction of tau de- 
cays depend on tau neutrino mass. The first 
term in square brackets allows for radiative cor- 
rections! 110 0, where a(m T ) ~ 1/133.3 
is the QED coupling constant [ |ll| and m\y — 
80.41 ± 0.10 GeV is the W mass [jjj. 

The tau neutrino weak eigenstate is given by 
the superposition of two mass eigenstates \v T ) = 
cos^lz^) + sxd.9\u4,), such that the mixing is 
parametrised by the Cabibbo-like mixing angle 
9. The second term in square brackets describes 
mixing with a fourth generation neutrino which, 
being kinematically forbidden, causes a suppres- 
sion of the decay rate. The third term in brackets 
parametrises the suppression due to a non-zero 
mass of 2/3, where the ellipsis denotes negligible 
higher order terms [ 0] . 



2 



The branching fractions for the decays r 
h~v r , with h = tt/K, are given by [m 
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where a; = to 2 /to 2 , is the hadron mass, ffi are 
the hadronic form factors, and V a p are the CKM 
matrix elements, V u d and V us , for 7r~ and K~ 
respectively. The quantities /^IK^I = (127.4 ± 
0.1)MeV and f K \V us \ = (35.18 ± 0.05)MeV are 



obtained from analyses of n 



and K 



fi ' decays [ |l3[ and references therein] . The el- 
lipsis represents terms, estimated to be O(±0.01)[ 
Q| , which are neither explicitly treated nor im- 
plicitly absorbed into G F , U\V U d\, or fK\V us \. 
The first term in square brackets describes mixing 
with a fourth generation neutrino while the sec- 
ond parametrises the effects of a non-zero m„ 3 . 

The fourth generation neutrino mixing affects 
all the tau branching fractions with a common 
factor whereas a non-zero tau neutrino mass af- 
fects all channels with different kinematic factors. 
Therefore, given sufficient experimental precision, 
these two effects could in principle be separated. 

Analyses which determine the tau mass from a 
kinematic reconstruction of the tau decay prod- 
ucts are also sensitive to tau neutrino mass. For 
example, from an analysis of t + t~ — > (ir + nir°i' T ) 
(ir~ mi^v T ) events (with n < 2, to < 2,1 < 
n + m < 3), CLEO determined the r mass to 
be to t = (1777.8±0.7±1.7) + [m l/3 (MeV)] 2 /1400 
MeV[ [lij. Such measurements may be used to 
further constrain m U3 . 

2.2. Anomalous couplings 

The theoretical predictions for the branching 
fractions Bi for the decay r~ — > t~ T^ t (Aem), 
with £~ = e~, yT and Xem = 7, 77, e + e~ , . . ., 
are given by: 
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The term in square brackets describes the effects 
of new physics where the various Ai we consider 
are defined below. 

The effects of anomalous weak charged current 
dipole moment couplings at the tv t W vertex are 
described by the effective Lagrangian 
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where Pl is the left-handed projection opera- 
tor and the parameters k and k are the (CP- 
conserving) magnetic and (CP-violating) electric 
dipole form factors respectively [ Q|. They are 
the charged current analogues of the weak neu- 
tral current dipole moments, measured using Z — ► 
t + t~ events [ jig], and the electromagnetic dipole 
moments [ |l6|, |17| recently measured by L3 and 
OPAL using Z r+r~7 events [ [TJ[ [l9[ |(|. 
In conjunction with Eq. ^ the effects of non-zero 
values of k and k on the tau leptonic branching 
fractions may be described by [ [j]] 

Af = k/2 + k 2 /10; (5) 
Af = k 2 /10. (6) 

The dependence of the tau leptonic branching ra- 
tios on i] is given, in conjunction with Eq. |[ by [ 
|2l 



A 1 ] 
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where the subscripts on 77 denote the initial and 
final state charged leptons. Both leptonic tau de- 
cay modes probe the charged current couplings 
of the transverse W, and are sensitive to k and 
k. In contrast, only the t~ — > {jl~i>^v t channel is 
sensitive to 77, due to a relative suppression factor 
of m e /m M for the r~ — > e~D c v T channel. Semi- 
leptonic tau branching fractions are not consid- 
ered since they are insensitive to k, k, and 77. 

3. RESULTS 

Three sets of fits are performed, as follows. 
• Case 1 

We use current world averages of the exper- 
imental measurements. 
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• Case 2 

We use estimated errors on measurements 
which would be possible with a tau-charm 
factory assuming that there is no improve- 
ment in the tau lifetime compared to cur- 
rent measurements. 

• Case 3 

This is identical to Case 2 except that, in 
order to assess the limiting factors of our 
method, we assume somewhat arbitrarily 
that CLEO and the b-factories succeed in 
reducing the tau-lifctime error by a factor 
of two. 

For Cases 2 and 3 the central values are clearly 
unknown, therefore in making our predictions we 
adjust the branching fractions to their standard 
model values, such that our predictions is not ar- 
bitrarily biased by the current experimental cen- 
tral values. The input parameters for the three 
cases are summarised in Tab. 1. 



Table 1 

Input parameters used in the determinations of 
m„ 3 , sin 2 9, k, k, and rj Tll . 





Value 




Future Error 




Case 1 




Case 2 


Case 3 


m T (MeV) 


1776.96to.27 




0.1 [§3| 


o.i [y 


T T (fs) 


290.5 ± 1.0 




1.0 [g 


0.5 


B e (%) 


17.81 ±0.06 


§' 


0.018 [|| 


0.018 [f|| 


B, (%) 


17.36 ±0.06 


111 


0.017 [|| 


0.017 [fH 


ftr (%) 


11.08 ±0.13 




0.011 [§| 


0.011 [§| 


B K (%) 


0.695 ±0.026 


[§] 


0.003 [|| 


0.003 [f|| 



We derive constraints on m VT and sin 2 9 from 
combined likelihood fits to the four tau decay 
channels, using equations and |. The likeli- 
hood for the CLEO and BES measurements of 
m T to agree, as a function of m„ 3 , is included in 
the global likelihood. We derive constraints on 
k, k, and r\ rili using the two leptonic tau decay 
channels and Eq. |^. Each of the five parameters 
is analysed separately, conservatively assuming in 
each case that the other four parameters are zero. 



In the fit, the uncertainties on all the quanti- 
ties in Eqs. [l| [|, and || are taken into account. 
The likelihood is constructed numerically follow- 
ing the procedure of Ref. [ [2^J by randomly sam- 
pling all the quantities used according to their 
errors. 

Tab. ^ summarises the results obtained. For 
Cases 2 and 3 the limiting error is that on the tau 
lifetime; arbitrarily setting all other errors to zero 
yields negligible improvement in the fit results. 

4. DISCUSSION 

4.1. Tau neutrino mass 

The limit on m Va can be reasonably interpreted 
as a limit on m VT , since sin 2 9 is small as well as 
the mixing of m„ 3 with lighter neutrinos [ |l2). 
The best direct experimental constraint on the 
tau neutrino mass is m„ T < 18.2 MeV at the 
95% confidence level[ which was obtained us- 
ing many-body hadronic decays of the r. While 
our constraint is less stringent, it is statistically 
independent. Moreover, it is insensitive to fortu- 
itous or pathological events close to the kinematic 
limits, the absolute energy scale of the detectors, 
and the details of the resonant structure of multi- 
hadron r decays [ . 

Although the constraint on m VT which we esti- 
mate does improve with the tau-charm input, this 
method would not be competitive with direct re- 
construction analyses which are predicted to be 
sensitive at the 0(2 MeV) level [||(J. 

4.2. Fourth generation mixing 

Our upper limit on sin 2 9 is already the most 
stringent experimental constraint on mixing of 
the third and fourth neutrino generations. This 
constraint will improve by a factor of up to two 
using future tau-charm factory data, depending 
on the improvement in the error on t> . We antic- 
ipate that this technique will continue to provide 
the most stringent constraints in the foreseeable 
future. 

4.3. Anomalous couplings and tau compos- 
iteness 

Our results for k and k are currently the most 
precise. The less stringent constraint on k com- 
pared to that on k is due to the lack of linear 
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Table 2 



Constraints on m V3 , sin 2 9, k, k, and r\ ril at the 95% confidence level. 



Case 1 


Case 2 


Case 3 


m V3 < 36 MeV 
sin 2 9 < 0.0053 
-0.011 < k < 0.017 

\k\ < 0.26 
-0.030 < r) Tfl < 0.052 


m V3 < 34 MeV 
sin 2 9 < 0.0039 
-0.011 < k < 0.009 

\k\ < 0.20 
-0.030 < ?j Ttl < 0.029 


m V3 < 28 MeV 
sin 2 9 < 0.0024 
-0.006 < k < 0.005 
|k| < 0.15 
-0.017 < r) Tl t < 0.016 



terms in Eq. ^. 

Derivative couplings necessarily involve the in- 
troduction of a length or mass scale. Anomalous 
magnetic moments due to compositeness are ex- 
pected to be of order m T /A where A is the com- 
positeness scale [ ||l| . We can then interpret the 
95% confidence level on k, the quantity for which 
we have a more stringent bound, as a statement 
that the r appears to be a point-like Dirac par- 
ticle up to an energy scale of A w m T /0.017 = 
105 GeV. These results are comparable to those 
obtained from anomalous weak neutral current 
couplings [ ^5) and more stringent than those ob- 
tained for anomalous electromagnetic couplings [ 

U, m IU- while the deca y w -> rv which is 

measured at LEPII is also sensitive to charged 
current dipole terms, given that the energy scale 
is mw, the interpretation in terms of the static 
properties k and k is less clear. 

The results for k and k will improve by us- 
ing tau-charm data, and will probe the point- 
like nature of the tau up to a scale of A = 
O(180 GeV) (assuming no improvement in r T ) or 
A = O(300 GeV) (assuming a factor of two im- 
provement in the error on r T ). 

4.4. ?y TAl and extended Higgs sector models 

Our value for r\ Tjl is currently the most precise. 
The uncertainty is significantly smaller than de- 
terminations using the shape of momentum spec- 
tra of muons from r decays, (j] T ^ — — 0.04±0.20) [ 

Many extensions of the Standard Model, such 
as supersymmetry (SUSY), involve an extended 
Higgs sector with more than one Higgs doublet. 
Such models contain charged Higgs bosons which 



contribute to the weak charged current with cou- 
plings which depend on the fermion masses. Of 
all the Michel parameters, rj T ^ is especially sensi- 
tive to the exchange of a charged Higgs. Following 
Stahl [ [2l[] , r] Tfi can be written as 

/m T rn At \ / tan/3\ 2 

where tan/3 is the ratio of vacuum expectation 
values of the two Higgs fields, and m# is the 
mass of the charged Higgs. This expression ap- 
plies to type II extended Higgs sector models in 
which the up-type quarks get their masses from 
one doublet and the down-type quarks get their 
masses from the other. From current data we de- 
termine the one-sided constraint rj Tfl > —0.0232 
at the 95% C.L. which rules out the region m# < 
(2.01 tan/3) GeV at the 95% C.L. as shown in 
Fig. I 

An almost identical constraint on the high 
tan/3 region of type II models may be obtained 
from the process B — > rv [ [32]] . The most 
stringent constraint, from the L3 experiment, 
rules out the region mji < (2.09 tan /3) GeV at 
the 95% C.L. [ |33|. Within the specific frame- 
work of the minimal supersymmetric standard 
model, the process B — > tvX rules out the re- 
gion m H < (2.33 tan/3) GeV at the 95% C.L. [||. 
This limit, however, depends on the value of the 
Higgsino mixing parameter \i and can be evaded 
completely for fi > 0. The non-observation of 
proton decay also tends to rule out the large 
tan/3 region but these constraints are particu- 
larly model-dependent. The very low tan/3 re- 
gion is ruled out by measurements of the partial 
width T(Z — > bb). For type II models the ap- 
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proximate region excluded is tan/5 < 0.7 at the 
2.5a C.L. for any value of Mu [ ^5). Complemen- 
tary bounds for the full tan /3 region are derived 
from the CLEO measurement of BR(b — > sj) = 
(2.32±0.57±0.35) x 1CT 4 which rules out, for type 
II models, the region M H < 244 + 63/ (tan /3) 1-3 [ 
|36|| . This constraint can, however, be circum- 
vented in SUSY models where other particles in 
the loops can cancel out the effect of the charged 
Higgs. Direct searches at LEP II exclude the re- 
gion ran < 54.5 GeV for all values of tan/3 [ |37| . 
The CDF search for charged Higgs bosons in the 
process t — » bH + rules out the region of low m# 
and high tan/? [ |38j. The 95% C.L. constraints 
in the ran vs. tan /3 plane, from this and other 
analyses, are shown in Fig. [I]. 
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Figure 1. Constraints on win as a function of 
tan/3 at the 95% C.L., from this analysis of i] T ^ 
and the other analyses described in the text. 



We anticipate that the constraints from Z — ► 
bb and b — > will improve somewhat with 
new measurements from LEP, CLEO, and the b- 
factories and from refinements in the theoretical 



treatment [ |3!| • CLEO and the b- factories may 
also improve the measurements of B — > tv(X) 
which rule out a similarly-shaped region of the 
tuh ~ tan P plane as that of this analysis. 

Some caution is advised in the interpretation 
of the large tan (3 regime which becomes non- 
perturbative for tan/3 > O(70). Future improved 
measurements of the tau branching fractions and 
lifetime will, however, extend the constraints on 
tan/3 towards lower values, where perturbative 
calculations are more applicable. 

In particular, for the tau-charm factory we es- 
timate the one-sided constraint r\ T{1 > —0.014 at 
the 95% C.L. This rules out the region to# < 
(2.55 tan /3) GeV at the 95% C.L., as shown in 
Fig. [j], and corresponds to ~25% reduction in the 
maximum allowed value of tan /3 for a given value 
of uiH, compared to current constraints. 

5. SUMMARY 

From an analysis of tau leptonic and semilep- 
tonic branching fractions we determine con- 
straints on m VT , sin 2 8, k, k, and r\ Til using cur- 
rent experimental data. We then assess the future 
sensitivity to these parameters using predictions 
for the uncertainties on experimental quantities 
measured at a tau-charm factory. We find that 
in each case the future sensitivity is completely 
limited by the uncertainty on the tau lifetime. 

The constraint on m„ T using current data is 
complementary to, but less stringent than, that 
already obtained from multi-hadronic tau decays. 
Our technique will benefit slightly from improved 
tau-charm factory data but will be considerably 
less competitive than other techniques available 
at such a facility. 

Using current experimental data we find that 
our technique yields the most stringent con- 
straints to-date on sin 2 9, k, k, and r] Tfl . All these 
constraints are expected to improve by a factor of 
approximately two using future data from a tau- 
charm factory and, and in the absence of novel 
competing techniques, will continue to yield the 
most precise determinations of these quantities. 

The result for k indicates that the tau is 
point-like up to an energy scale of approximately 
105 GeV (today) and O(300 GeV) (using tau- 
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charm data and assuming a factor of two improve- 
ment in the tau-lifetime error). 

The result for n Tfl constrains the charged Higgs 
of type II two-Higgs doublet models such that 
we can exclude, at the 95% C.L., the region 
ma < (2.01 tan (3) GeV (today) and tuh < 
(2.55 tan f3) GeV (using tau-charm data and as- 
suming a factor of two improvement in the tau- 
lifetime error). 
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